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Ecdysteroids initiate molting and metamorphosis in
insects via a heterodimeric receptor consisting of the
ecdysone receptor (EcR) and ultraspiracle (USP). The
EcR±USP heterodimer preferentially mediates tran-
scription through highly degenerate pseudo-palindro-
mic response elements, resembling inverted repeats of
5¢-AGGTCA-3¢ separated by 1 bp (IR-1). The require-
ment for a heterodimeric arrangement of EcR±USP
subunits to bind to a symmetric DNA is unusual
within the nuclear receptor superfamily. We describe
the 2.24 AÊ structure of the EcR±USP DNA-binding
domain (DBD) heterodimer bound to an idealized IR-
1 element. EcR and USP use similar surfaces, and rely
on the deformed minor groove of the DNA to establish
protein±protein contacts. As retinoid X receptor
(RXR) is the mammalian homolog of USP, we also
solved the 2.60 AÊ crystal structure of the EcR±RXR
DBD heterodimer on IR-1 and found the dimerization
and DNA-binding interfaces to be the same as in the
EcR±USP complex. Sequence alignments indicate that
the EcR±RXR heterodimer is an important model for
understanding how the FXR±RXR heterodimer binds
to IR-1 sites.
Keywords: ecdysone/EcR/nuclear receptor/RXR/USP

Introduction

Ecdysteroids are arthropod-speci®c hormones that func-
tion as the major inducing and coordinating signals
responsible for the widespread changes in gene expression
associated with molting and metamorphosis in insects. In
Drosophila, the ring gland secretes two major ecdyster-
oids, a-ecdysone and 20-deoxymakisterone A, which are
largely inactive (Riddiford, 1996; Gilbert et al., 1997). 20-
Hydroxyecdysone (20E), which is the product of the a-
ecdysone conversion in the peripheral tissues (Gilbert
et al., 2002), is thought to be a major signal for the
coordinated programming of gene expression patterns
responsible for the complete metamorphosis of the organ-
ism from larva to ¯y (Ashburner, 1973, 1974). The study
of 20E-controlled gene activities has been pivotal in

formulating modern concepts of steroid hormone-con-
trolled gene activities and has functioned as a paradigm for
steroid hormone activity (Riddiford, 1993, 1996).
Signaling by 20E in Drosophila is mediated by the
ecdysone receptor complex, a heterodimer of the ecdysone
receptor (EcR; NR1H1) and ultraspiracle (USP; NR2B4)
proteins, both of which are members of the nuclear
receptor family (Koelle et al., 1991; Yao et al., 1992,
1993; Thomas et al., 1993; Grad et al., 2001). Although
USP has no known ligands, it is the Drosophila homolog
of the mammalian retinoid X receptors (RXRs) (Oro et al.,
1990), important members of the nuclear receptor family
that bind to 9-cis retinoic acid and form heterodimeric
complexes with other nuclear receptors, including the
thyroid hormone receptor (TR), vitamin D3 receptor
(VDR) and the all-trans retinoic acid receptor (RAR)
(Mangelsdorf et al., 1995).

Because there are only two types of consensus half-sites
(5¢-AGGTCA-3¢ and 5¢-AGAACA-3¢) used by essentially
all nuclear receptors (Glass, 1994), target selectivity
appears to rely on the geometry and spacing of the half-
sites, and not just the half-site sequences. Importantly, the
DNA-binding domains (DBDs) typically generate the
same pattern of DNA selectivity and subunit dimerization
as the full-length receptors (OzÇyhar et al., 1991; OzÇyhar
and Pongs, 1993; Mader et al., 1993; Perlmann et al.,
1993; Zechel et al., 1994b, Grad et al., 2001). There are
exceptions to this rule, such as the VDR, whose DBD does
not generate the same pattern of subunit dimerization as
the intact receptor (Shaffer and Gewirth, 2002).

The RXR heterodimers generally target direct repeat
DNA sites, which differ in their inter-half-site spacing,
described by a 1±5 rule (Umesono and Evans, 1989;
Umesono et al., 1991; Mangelsdorf and Evans, 1995). A
set of recent crystal structures of receptor DBDs on direct
repeats has revealed how RXR and other non-steroid
receptors bind to their cognate sites selectively.
Speci®cally, the structures of RXR±RXR/DR-1, RXR±
RAR/DR-1, RevErb±RevErb/DR-2, VDR±VDR/DR-3
and RXR±TR/DR-4 have been determined thus far, in
each case showing DBDs forming non-symmetric `head to
tail' interactions (Rastinejad et al., 1995, 2000; Zhao et al.,
1998, 2000; Sierk et al., 2001; Shaffer and Gewirth, 2002).

In contrast, vertebrate steroid receptors, such as the
glucocorticoid receptor (GR), the estrogen receptor (ER),
the progesterone receptor (PR) and the mineralocorticoid
receptor (MR), each form homodimers on their response
elements. These response elements are inverted repeats
with the same 3 bp (IR-3), causing their DBDs to form
symmetric `head to head' interactions (Luisi et al., 1991;
Schwabe et al., 1993). Natural ecdysone response elem-
ents (EcREs) are imperfect inverted repeats of AGGTCA
sequences separated by 1 bp (IR-1) (Riddihough and
Pelham, 1987; Cherbas et al., 1991; OzÇyhar et al., 1991;
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D'Avino et al., 1995; Fisk and Thummel, 1995; Horner
et al., 1995; Lehmann et al., 1995, 1997; Hall and
Thummel, 1998; VoÈgtli et al., 1998). Therefore, the
requirements for DNA binding for EcR±USP are distinct
from those associated with both the RXR heterodimers and
the steroid receptor homodimers. Besides the EcR±USP,
only the RXR±FXR heterodimer is known to target IR-1
response elements preferentially (Laf®tte et al., 2000),
where FXR is the nuclear receptor that binds directly to
bile acids (Chawla et al., 2001; Mi et al., 2003).

Here, we describe the co-crystal structure of EcR±USP/
IR-1 at 2.24 AÊ resolution. Importantly, RXR is the
mammalian homolog of USP (Oro et al., 1990), and
these two receptors can also substitute for each other in
stimulating high af®nity DNA binding of EcR to IR-1
in vitro (Yao et al., 1992, 1993; Thomas et al., 1993). In
addition, RXR and USP have both been shown to support

ecdysone-responsive trans-activation equally in transfec-
tion assays in mammalian cell lines (VoÈgtli et al., 1998).
Moreover, USP has been shown to be capable of
substituting for RXR in forming heterodimers with TR,
RAR and VDR (Yao et al., 1992; Thomas et al., 1993; No
et al., 1996). Therefore, we also studied the 2.60 AÊ crystal
structure of the EcR±RXR/IR-1 complex, to see to what
extent the protein±protein and protein±DNA interactions
were related to those in the EcR±USP/IR-1 complex. The
structures together show how the DBDs form their
protein±protein interactions in a manner that is highly
discriminatory for the 1 bp spacing and inverted repeat
geometry of the IR-1 site. Importantly, the dimerization
surfaces used to engage EcR on DNA are essentially the
same in USP and RXR but distinct from those observed in
other RXR heterodimers or steroid receptor homodimers.
Because FXR is closely related in sequence to EcR along
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its DBD and also binds as an RXR heterodimer to IR-1
(Laf®tte et al., 2000), our current structure of the EcR±
RXR/IR-1 complex serves as a useful model for under-
standing how FXR and RXR are likely to cooperate in
DNA binding.

Results

Overall architecture of the EcR±USP and EcR±RXR
complexes
An 86 residue fragment of the Drosophila USP protein
(residues 94±179) and a 109 residue fragment of
Drosophila EcR (residues 256±364) were individually
puri®ed and used for co-crystallization on an IR-1 element
(see Figure 1A, B and D, and Materials and methods). In
the absence of EcR-DBD, USP-DBD can bind as a

monomer to IR-1 (Niedziela-Majka et al., 2000).
Furthermore, in the absence of USP-DBD, EcR-DBD
can bind IR-1, but primarily as homodimer (Niedziela-
Majka et al., 2001). However, when both DBDs are
present in solution, the heterodimeric EcR±USP complex
on IR-1 is formed with greater af®nity and in a synergistic
manner (Niedziela-Majka et al., 2001). A number of
natural EcREs have been identi®ed to date, with most of
these being imperfect palindromes of PuG(G/T)TCA with
a single base pair acting as the spacer between the half-
sites (Riddihough and Pelham, 1987; Cherbas et al., 1991;
OzÇyhar et al., 1991; Antoniewski et al., 1993,1994, 1996;
D'Avino et al., 1995; Lehmann et al., 1995, 1997; VoÈgtli
et al., 1998). Because idealized IR-1 elements form higher
af®nity EcREs, we carried out crystallization studies using
the IR-1 sequence in which both half-sites were identical

Fig. 1. The protein and DNA constructs used in crystallization and their contacts. (A) Drosophila EcR-DBD (blue), (B) Drosophila USP-DBD (red)
and (C) human RXRa-DBD (gold) protein sequences. The yellow colored cysteines are those used for zinc coordination. The a-helices are boxed and
the b-sheets are shaded. The numbering is relative to the ®rst conserved cysteine, with the authentic numbers appearing in parentheses (Mangelsdorf
et al., 1995; Oro et al., 1990; Koelle et al., 1991). A key to the different interactions is provided within the ®gure. Dashed lines indicate N- and
C-terminal residues not visible in the electron density maps. Cloning artifacts from the expression vector are indicated by lower case letters. The red
boxed sequences in (A) indicate the A-box helix seen in the EcR±RXR complex. (D) The idealized IR-1 response element used in the EcR±USP
complex, and (E) in the EcR±RXR complex. The symbols used are the same as in (A±C). Red symbols indicate contacts derived from USP, blue
symbols indicate those from EcR, and gold indicates those from RXR.
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5¢-AGGTCA-3¢ consensus sequences, as shown in
Figure 1D (VoÈgtli et al., 1998; Niedziela-Majka et al.,
2000). The crystals of the EcR±USP-DBD heterodimer on
DNA diffract to 2.24 AÊ resolution and contain a single
complex in their asymmetric units.

The crystallization of the EcR±RXR/DNA complex
relied on the same EcR protein construct (Figure 1A) and
the same IR-1 DNA sequence (Figure 1E) used for the
EcR±USP/IR-1 complex. The RXR-DBD used was an 80
residue DBD fragment derived from the human RXRa
(residues 130±209), which contained ®ve N-terminal
residues preceding the N-terminal zinc-binding cysteine,
the entire 66 residue core DBD and nine residues at the
C-terminus beyond the GM amino acids (residues 65 and
66 in Figure 1C) that constitute the C-terminal boundary of
the core DBD regions of all nuclear receptors. These
crystals contain a single complex of EcR±RXR and IR-1
within their asymmetric units, and diffracted to 2.60 AÊ

resolution. This structure was solved using multiple
anomalous diffraction (MAD) phasing derived using the
anomalous signal from the zinc ions of the DBDs. The
re®ned coordinates were used subsequently as the search
model to solve the structure of the EcR±USP/DNA
complex (described above) by molecular replacement.
For clarity, we rely on a common numbering scheme for
EcR, USP and RXR from hereon, with residue numberings
beginning with the N-terminal most cysteine coordinating
the Zn-I module. Table I summarizes the crystallographic
data and re®nement statistics for both complexes.

Stereo views of both structures and the protein±DNA
contacts are shown in Figure 2A and B, and a super-
position of the EcR±USP/IR-1 and EcR±RXR/IR-1 com-
plexes is shown in Figure 2C. Overall, the EcR±USP and

the EcR±RXR complexes show an r.m.s.d. of 0.67 AÊ ,
when calculated over the entire DNA and all their Ca
atoms. A side-by-side comparison of these two complexes
indicates that the subunit arrangements, the protein±
protein interactions that stabilize the heterodimer, and
the protein±DNA interactions that stabilize each subunit
on its respective half-site are generally well preserved in
these two structures (Figures 2A and B, and 3A±C).
Furthermore, the EcRE DNA structure in both complexes
conforms to B-DNA geometry, lacking signi®cant distor-
tions, except at the spacer where there is similar minor
groove narrowing in both structures (see Figure 4C).

Because the DNA is nearly symmetric, the same Zn-I
and Zn-II modules of EcR and USP/RXR are brought to
the subunit interface. These regions of EcR are distinct in
sequence from their counterparts in USP/RXR, and thus
the dimer interface uses different residues from each of the
two DBDs despite the pseudo-symmetric interactions
between the EcR and USP/RXR subunits. This observation
is in contrast to those made in the case of GR±GR/IR-3 and
ER±ER/IR-3 crystal structures, in which DBD interactions
use identical residues from each subunit's Zn-II sites to
form perfectly symmetric interactions (Luisi et al., 1991;
Schwabe et al., 1993).

The A-box region in EcR, which is the C-terminal
extension (CTE) of the core DBD, forms an ordered
helical structure in the EcR±RXR complex, but this
conformation is not seen in the EcR±USP complex
where this region has disordered density instead.
Similarly, the Zn-II regions in the EcR±USP/RXR com-
plexes, which are observed here to contain short a-helices
that foster dimerization and phosphate DNA binding, may
assume different conformations in the uncomplexed

Table I. Data collection and re®nement statistics

EcR±USP EcR±RXR

Zn-peak Zn-in¯ection Zn-remote

Data collection
Wavelength(AÊ ) 1.2834 1.2834 1.2837 1.2155
Space group P212121 P212121

Resolution(AÊ ) 30.0±2.24 30.0±2.60 30.0±2.60 30.0±2.60
Mean I/s(I) 22.0 (5.8) 23.2 (5.5) 27.0 (3.7) 27.5 (6.7)
Completeness (%) 99.6 (97.8) 94.2 (75.4) 98.1 (97.6) 96.6 (86.6)
<Redundancy> 7.5 9.8 10.5 10.4
Unique re¯ections 15 928 11 884 12 008 12 403
Rsym

a (%) 8.8 10.2 8.3 8.1
Re®nement statistics
Resolution (AÊ ) 20.00±2.24 15.00±2.60
R-factor 23.0 23.2
Rfree

b 26.4 28.2
Average B-factors/no. of atoms

Protein (AÊ 2) 41.9 62.9
DNA (AÊ 2) 46.4 61.4
Zinc (AÊ 2)/zinc atoms 45.4/4 58.6/4
Solvent (AÊ 2)/solvent atoms 54.6/233 58.8/102

R.m.s deviations
Bond lengths (AÊ ) 0.008 0.011
Bond angles (°) 1.30 1.60
Dihedral angles (°) 20.5 21.6
Improper angles (°) 1.33 1.36

Numbers in parentheses are for the highest resolution shell.
aRsym = S|Ih ± <Ih>|/SIh, where <Ih> is the average intensity over symmetry-equivalent re¯ections.
bRfree was calculated using 7% of the data excluded from re®nement.
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Fig. 2. Overview of the heterodimeric protein complexes on DNA.
Stereo views of (A) the EcR±USP/IR-1 and (B) the EcR±RXR/IR-1
complex. Shown are side chains involved in direct base or phosphate
contacts or in zinc coordination. The residue numbers and the base pair
numbers are the same as those used in Figure 1. The two 5¢-AGGTCA-
3¢ half-sites are in lilac, the spacer is in gold, and the ¯anking base
pairs are in gray. (C) Superposition of the EcR±USP/IR-1 and EcR±
RXR/IR-1 complexes. Shown are USP (red) and EcR (dark blue) DBDs
bound to their IR-1 (green), as well as RXR (gold) and EcR (light blue)
bound to their IR-1 (gray). The central base pair that acts as a spacer is
in magenta, and the zinc ions are in green. Arrows indicate the relative
orientation of the two half-sites.
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Fig. 3. Stereo views of the recognition a-helices and their contacts to DNA. Shown are interactions with the major grooves for (A) EcR (blue),
(B) USP (red), (C) RXR (gold) with a composite omit electron density map (2Fo ± Fc) shown for the side chains and the DNA base pairs, and
(D) RXR from the RAR±RXR/DR-1 complex (yellow). In all the cases, the side chains that make direct or water-mediated contacts to the bases are
shown in green, the water molecules that mediate the contacts between the protein and DNA are yellow/magenta spheres, and hydrogen bonds are
shown as dotted lines. The orientation of the half-site is indicated by arrows.
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Fig. 4. The subunit interactions and role of DNA minor groove in
dimerization. (A) Stereo view of the dimerization contacts between
USP (red) and EcR (blue). (B) Stereo view of the dimerization contacts
between RXR (gold) and EcR (blue). The side chains of the residues
that make the dimer contacts are shown together with dotted surfaces
indicating van der Waals complementary surfaces and dotted lines indi-
cating hydrogen bonds. Also shown are the backbone DNA in green,
the base pairs in gray and the spacer base pair in gold. The N- and
C-termini of the two monomers are labeled, and the zincs are indicated
by green spheres. (C) The minor groove width of the response element
as a function of IR-1 sequence. The red and orange lines correspond to
the EcR±USP and EcR±RXR DNAs, respectively. Both structures show
a sharp minimum in the width at the spacer, the location in which inter-
action between the two proteins is supported. The minor groove width
values were derived from the program CURVES (Lavery and Sklenar,
1988), which records the inter-phosphate distances after generating a
smoothed curve through the phosphate atoms. (D) Stereo view of the
electron density at the minor groove. Also shown are the contacts made
by EcR to the phosphate backbone of the DNA together with the asso-
ciated water molecules (W) located in the spine of hydration along the
minor groove.

Structure of ecdysone±ultraspiracle DNA complex

5833



S.Devarakonda et al.

5834



DBDs. This was the case observed in the GR, where
similar helical conformations in the Zn-II regions were
seen in the GR homodimer DBD complex on IR-3 DNA,
but not seen in the monomeric GR-DBD off DNA (Luisi
et al., 1991; van Tilborg et al., 1995).

The protein±DNA contacts
In the EcR±USP complex, a total of 3110 AÊ 2 of water-
accessible surface is buried in DNA binding, 1580 AÊ 2 of
which is derived from the binding of the EcR subunit, and
1530 AÊ 2 from the binding of USP. In the EcR±RXR
complex, a slightly larger area of 3250 AÊ 2 is buried, in part
due to the contribution of the EcR C-terminal A-box helix,
which is not ordered in the EcR±USP complex. These
values are in line with those associated with DR-1
response element binding by RXR±RAR, which buries
3200 AÊ 2 (Rastinejad et al., 2000), and involves similarly
sized protein subunits, DNA sequences and 1 bp spacing
(Figure 5A±C).

Interestingly, the pattern of hydrogen bonds between the
recognition helices and the AGGTCA half-sites varies to
some extent between EcR, USP, RXR and the previously
characterized RXR subunit of the RXR±RAR/DR-1
heterodimer (Figure 3) (Rastinejad et al., 2000).
However, the same set of `hook' residues are used
consistently in all of these cases, with their exact
hydrogen-bonded partners on the DNA base pairs differing
slightly (Figure 3). These hook residues, consisting of
Glu19, Gly20, Lys22, Arg/Lys26 and Arg27 in EcR, USP
and RXR, form their base-speci®c contacts. Importantly,
the central AT spacer base pair is involved in phosphate
contacts only, and not major groove recognition at the base
pairs (Figure 1D and E). This observation is consistent
with the notion that the spacer's in¯uence is limited to
setting the correct binding site geometry in the response
element (OzÇyhar and Pongs, 1993).

The dimer interfaces
Dimerization of DBDs is of major functional signi®cance
for RXR, its partners and the steroid receptors, in part
because dimerization allows the formation of suf®ciently
extended and complementary protein surfaces for high
af®nity and selective DNA binding. Figures 1, 4, and 5G
and H show how binding of one subunit at its half-site
leads to facilitated binding of the adjacent subunit via
protein±protein interactions. Due to the single base pair
spacer, the relative orientation between the subunits is
distinct from complexes involving steroid receptors GR
and ER, and as such brings into contact the Zn-I modules
of both proteins in addition to their Zn-II modules.
Moreover, there are clear distinctions with previously
studied heterodimers of RXR-DBD on direct repeats, in
which the upstream subunit relies on its Zn-II region and
the downstream subunit relies on its T- and/or A-boxes for
protein±protein contacts (Figure 5A±H) (Khorasanizadeh
and Rastinejad, 2001; Rastinejad, 2001).

In the current structures, neither subunit relies on its T-
or A-boxes for dimerization, with these regions instead
being pointed towards the 3¢- and 5¢-¯anking sequences of
the IR-1 element. The involvement of USP T-box
sequence in interactions with 5¢-¯anking sequence has
been suggested previously by Grad et al. (2001) who
analyzed interactions of derivatives of the natural 20E
response element with a USP-DBD protein in which the
C-terminal region was deleted. However, a deletion
removing the A-box of EcR disrupted the DNA binding
of the EcR±USP (Niedziela-Majka et al., 2000), which
cannot be explained by our crystallographic results. Any
additional role for the EcR A-box in dimerization cannot
be ruled out, as our structure allows us to visualize only
seven out of 25 A-box residues.

In the EcR±USP complex, a total of 560 AÊ 2 of water-
accessible surface area is buried between the subunits,
whereas all previously studied DBD homo- and hetero-
dimers bury a smaller surface, in the range 300±480 AÊ 2.
Figures 4A and B, and 5G and H show the detailed dimer
interface in the EcR±USP and EcR±RXR complexes,
respectively. These dimerization interfaces rely on hydro-
gen bonds between subunit residue side chains as well as
signi®cant complementary surfaces relying on van der
Waals contacts. Essentially all the contacts between the
subunits are conserved between the EcR±USP and EcR±
RXR complexes.

Cooperation between EcR and USP/RXR
Nuclear receptor DBDs do not form homo- or hetero-
dimers in the absence of DNA (Hard et al., 1990; Mader
et al., 1993; Perlmann et al., 1993; Schwabe et al., 1993;
Zechel et al., 1994a). Receptor homo- or heterodimer
formation through DBDs is strictly dependent and
enhanced by the cognate DNA-binding sites. In the
heterodimeric complexes studied here, the structures
suggest that there are three mechanisms by which the
IR-1 appears cooperatively to enhance the dimerization
between the EcR and the USP/RXR homologs. First, the
same Zn-II regions involved in the formation of the dimer
interface are also used extensively for making DNA
contacts (Figures 1A±C, and 5G and H). In particular,
residues Arg51 and Lys52 from EcR and residue Asn51 of
USP are simultaneously involved in both dimerization and
DNA binding functions. This implies that DNA binding
and subunit dimerization are mutually supportive.

A second mechanism by which the DNA enhances the
dimer interactions can be seen in Figures 4A and B, and
5G and H, showing how the subunit interfaces are in part
embedded in the minor groove. Figure 4C and D shows
that a signi®cant minor groove distortion is associated with
the spacer AT base pair, this being the convergence point
of the protein±protein interactions. Importantly, these
minor groove widths represent sharp departures from
standard B-DNA values, and are associated with both the
EcR±USP and EcR±RXR structures. In particular, there is

Fig. 5. Comparison of the RXR±RAR complex on DR-1 with those of EcR±USP and EcR±RXR on IR-1. Side-by-side comparison of (A) RAR±RXR/
DR-1 with (B) EcR±USP/IR-1 and (C) EcR±RXR/IR-1 complexes. The arrows indicate the relative orientation of the half-sites associated with
inverted repeat and direct repeat response elements. Boxed regions are shown in close-up views to indicate the dimer interfaces in (D) RAR±RXR/
DR-1, (E) EcR±USP/IR-1 and (F) EcR±RXR/IR-1. Also shown are stereo views of the composite omit (2Fo ± Fc) electron density map at the dimer
interface of (G) EcR±USP/IR-1 and (H) EcR±RXR/IR-1.
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Fig. 6. Comparison of EcR complexes with other DBD±DNA complexes. (A) RXR on its 5¢-AGGTCA-3¢ site from EcR±RXR/IR-1 is superimposed
onto RXR on its downstream 5¢-AGGTCA-3¢ half-site from RXR±RAR/DR-1. (B) EcR from the EcR±RXR/IR-1 complex is superimposed onto TR
(TR±RXR/DR-4) and VDR (VDR±VDR/DR-3), the latter of which are from downstream half-sites in direct-repeats. While the overall fold of the
receptors and their placement of the half-site DNA elements are very similar, the notable differences (indicated by boxes) can be attributed to the use
of some protein regions for dimerization contacts.

Fig. 7. Sequence comparison of nuclear receptor DBDs and the conservation of their protein±protein and protein±DNA contacts. The zinc-coordinating
cysteines are in yellow, and the regions corresponding to the Zn-I, Zn-II, helix I (recognition helix), helix-II and CTEs are labeled. Blue dots indicate
residues that are involved in speci®c DNA binding, and red squares are the residues that form the hydrophobic core that stabilizes the protein. The
residues involved in dimer contacts are shaded in blue (RXR and USP) and green (EcR). Importantly, all of the DNA-binding residues are fully con-
served between RXR and USP, and between EcR, and FXRa and FXRb.
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a 4.3 AÊ minor groove width in the EcR±USP DNA and a
<4.0 AÊ width in the EcR±RXR DNA. The reliance on
minor groove distortions to stabilize dimer binding is
reminiscent of the RXR±RAR/DR-1 and the RevErb±
RevErb/DR-2 complexes on their cognate DNA targets
(Rastinejad et al., 2000; Sierk et al., 2001).

A third mechanism for subunit cooperation is evident in
Figure 1D and E, which shows that the EcR-DBD footprint
on DNA extends well beyond its own AGGTCA site to
reach over both its 3¢-¯anking sequences and a large
portion of the USP half-site. In total, the EcR footprint in
the USP complex extends over a region totaling 13 bp, and
to 12 bp in the RXR complex (Figure 1D and E). This is
consistent with mutational studies which identi®ed base
pairs within the USP half-site that were found to be critical
not for the USP-DBD binding (as a monomer) but for
effective heterodimer formation (Grad et al., 2001). This
extended binding mode exhibited by EcR may contribute
to the cooperativity of subunit association, by reducing the
conformational ¯exibility at the USP site and as such pre-
paying the entropic costs associated with adjacent site
binding by USP. A similar mechanism based on tandem
site stabilization has been suggested as the basis for the
cooperation between the POU domains of Oct-1 on DNA,
as well as the binding of the RXR±RAR heterodimer on
DNA (Klemm and Pabo, 1996; Rastinejad et al., 2000).

Comparison with other nuclear receptor DBDs
Figure 5A±F shows how RXR-DBD and USP-DBD,
derived from the RXR±RAR, EcR±USP and EcR±RXR
crystal structures, form their respective dimerization
contacts on DR-1 and IR-1 elements. Importantly, the
C-terminal extension (T-box) of the RXR-DBD, used
extensively in heterodimeric interactions with RAR on the
DR-1 complex, is not used similarly in the EcR complex
on IR-1 (Figure 5D±F). Moreover, the Zn-I and Zn-II
regions used in both the EcR±USP and EcR±RXR
complexes on IR-1 are not used for heterodimerization
with RAR on DR-1. Therefore, RXR/USP are able to use
distinct regions of their DBDs for forming dimerization
contacts on DR-1 and IR-1. These crystallographic
observations are supported by previously reported bio-
chemical studies that rely on gel shift experiments with
RXR, RAR, USP and EcR DBDs (Lee et al., 1993; Zechel
et al., 1994a, b; Niedziela-Majka et al, 2000). Speci®cally,
when the T-box residues of USP (KREAVQEERQR) are
deleted from the DBD, USP is still able to form its
cooperative interactions with EcR on IR-1 (Niedziela-
Majka et al., 2000), as predicted from the structures shown
in Figure 5B, C, E and F. However, a deletion within the T-
box of mRXR (removing the residues EERQR and
beyond) prevents RXR from forming a protein±protein
interaction with RAR on DR-1 (Zechel et al., 1994a, b),
consistent with its importance in the RXR±RAR/DR-1
complex (Figure 5A and D). A similar T-box mutation in
hRXR-DBD (removing the sequences VQEERQR and
beyond) also diminishes the ability of RXR to form
cooperative homodimers on DR-1 (Lee et al., 1993).

To see how the RXR-DBD subunits, derived from the
EcR±RXR and RAR±RXR DBD complexes (Figure 5A±
C) adjust their conformations to adapt their partners and
DNA elements, we superimposed their backbone struc-
tures on half-sites in Figure 6A. The boxed areas in

Figure 6A show the major differences in conformation,
which correspond to two regions both of which are
involved in the formation of their respective heterodimeric
complexes. These are the C-terminal extension of the
DBD, used for heterodimeric interactions with RAR on the
DR-1 complex, and the Zn-II region used in heterodimeric
interactions in the EcR complex. Interestingly, the T-box
of RXR, which has also been shown to be an a-helix in the
absence of DNA (Holmbeck et al., 1998), adopts a
conformation not seen in the current structures or in any of
the RXR±RXR and RXR±RAR complexes previously
observed bound to DR-1. These differences provide
further evidence that adaptable surfaces in nuclear
receptor DBDs readily undergo structural rearrangements
that help accommodate their association with their
dimerization partners and response elements.

As noted above, the EcR subunit associated with the
RXR complex described here showed an a-helical struc-
ture in its A-box region. To see how the EcR-DBD
compares with other steroid and non-steroid DBD struc-
tures previously reported to contain a-helical A-boxes
within their C-terminal extensions, we superimposed their
half-complexes in Figure 6B. This comparison used only
the VDR (from the VDR homodimer) (Shaffer and
Gewirth, 2002) and TR (from TR±RXR) (Rastinejad
et al., 1995), as similar helical regions had not been
observed in other DBD co-crystal structures. The VDR
and TR subunits, which are both positioned in the
downstream half-site of direct repeat complexes, use
their respective C-terminal helices to form protein±protein
and protein±DNA interfaces that stabilize their respective
complexes. In the case of EcR, this helical region is not
near the dimer interface and is instead directed 5¢ to the
half-site. Moreover, the helical region was visualized here
only in the EcR±RXR complex and not in the EcR±USP
complex.

Discussion

While the binding of a heterodimer to a symmetric
response element has been observed with other transcrip-
tion factors, this form of subunit association has never
before been observed in the nuclear receptor family. As
there is a high level of amino acid sequence conservation
between RXR and USP DBDs, together with the obser-
vation that RXR and USP can substitute for each other in
DNA binding with EcR (Yao et al., 1992; VoÈgtli et al.,
1998), we also studied the crystal structure of the EcR±
RXR/IR-1 complex. USP and RXR differ in only six
residues, and our ®ndings indicate that structural deter-
minants for EcR and DNA binding are well conserved in
USP and RXR (Figure 7).

Like EcR, FXR also forms heterodimers with RXR that
bind to IR-1 sites (Forman et al., 1995; Laf®tte et al.,
2000). Our phylogenetic analysis, using members of the
superfamily and focused strictly on the portion of
receptors including the DBDs and 30 residues at the
CTE, indicate that EcR is most closely related to FXR.
Within the core DBD of 66 residues, which contains all of
the determinants of EcR binding to DNA and USP, there
are only eight non-conserved residues between EcR and
FXR (Figure 7). None of the non-conserved residues in
FXR fall at sites used for response element binding or
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subunit dimerization by EcR in its IR-1 complexes.
Moreover, Figure 7 shows that the critical interacting
residues in EcR are equally shared with both hFXRa and
mFXRb, but not with other receptors. Therefore, it is
likely that the current structure of EcR±RXR closely
mimics the mode of subunit interactions used by the FXR±
RXR/IR-1 complex.

In addition, the Drosophila receptor DHR38 is also
known to form heterodimers with USP (Henrich et al.,
1994; Sutherland et al., 1995; Baker et al., 2003).
However, DHR38 appears much more closely related to
the human NGFI-B than to either EcR or FXR. The
sequence alignment in Figure 7 shows that the determin-
ants of dimerization with USP used by EcR are not at all
conserved in DHR38. These ®ndings would suggest that
USP±DHR38 either use other types of DNA response
elements, or form an altogether different set of protein±
protein interactions than described here in the EcR
complexes. Figure 7 also shows that while the known
determinants of DBD dimerization in GR, ER, RevErb,
VDR, RAR and TR involve to some extent the Zn-II
regions, the residues used differ in sequence and position.

The nuclear receptor USP is required in multiple tissues
of the organism at various stages of metamorphosis. All
these factors together implicate USP as a regulator of
multiple pathways in Drosophila. It is also known that
mutations in USP result in complex embryonic and adult
phenotypes, making it a vital factor involved in
Drosophila development. This pleiotropy could be based
on the interaction of USP with other factors involved in
development, reminiscent of the role of mammalian RXR
in regulating multiple pathways. It is interesting to note
that while these two receptor homologs do not share the
same ligand-binding properties, they nevertheless each act
as a common dimerization partner for multiple other
nuclear receptors in ¯ies or mammals.

Because EcR relies on both an inverted repeat target and
heterodimerization, this receptor has characteristics typ-
ical of both steroid and non-steroid receptors, and may be a
clear evolutionary link between vertebrate steroid and
non-steroid receptors. Apart from the degenerate palin-
dromic elements, the EcR dimer also activates transcrip-
tion in vivo through direct repeats (D'Avino et al., 1995).
Since it is evident that EcR is functional only in the
presence of USP, this implies that the two subunits are
capable of dimerizing on a variety of response elements.
At a physiological level, this versatility could be the
mechanism through which they regulate multiple path-
ways. At a molecular level, this further supports the notion
that ¯exible and adjustable dimerization surfaces in DBDs
are responsible for their cooperation on various response
elements.

Materials and methods

Crystallization and data collection
The DBDs of EcR, USP and RXR were expressed in Escherichia coli as
fusions with GST, using pGEX-2T (USP, EcR) and pGEX-4T (RXR)
vectors (Pharmacia) (Rastinejad et al., 1995; Niedziela-Majka et al.,
1998). The proteins and the two oligonucleotide strands corresponding to
IR-1 were puri®ed as described previously (Zhao et al., 2000; Niedziela-
Majka et al., 2001). Samples of EcR±RXR co-crystallization contained
DNA and the two proteins at concentrations of 0.5 mM each. Crystals
were grown using hanging drops at 9°C by addition of 2 ml of the complex

to an equal volume of a solution containing 12±14% PEG 3350, 50 mM
MgSO4, 50 mM Li2SO4, 5 mM dithiothreitol (DTT), 10 mM MgCl2,
0.1 M MES pH 5.6. Crystals were streaked through a cryo-solvent
solution containing the reservoir solution supplemented with 20%
glycerol, and ¯ash frozen in liquid nitrogen. Diffraction data were
collected on these frozen crystals under a stream of liquid nitrogen at
100 K, at the Argonne National Laboratory at beamline SBC-CAT 19ID.
The DBDs contain two zinc ions each, which were used to obtain MAD
data at three different wavelengths (1.2834, 1.2837 and 1.2155 AÊ )
corresponding to the zinc peak, in¯ection and a remote wavelength. The
crystals diffracted to a resolution of 2.60 AÊ and crystallized in the
orthorhombic space group (P212121, a = 55.62, b = 60.25, c = 115.00).

The EcR±USP complex was crystallized with the same IR-1 response
element. Crystals were grown using hanging drops at 9°C by addition of
2 ml of the complex (0.5 mM) to an equal volume of a solution containing
4±8% PEG 3350, 100 mM NaCl, 5 mM DTT, 10 mM MgCl2 and 0.1 M
MES pH 5.6. Crystals were streaked through a cryo-solvent solution
containing the reservoir solution containing 20% glycerol, and ¯ash
frozen in liquid nitrogen. X-ray diffraction data were collected on these
frozen crystals under a stream of liquid nitrogen, at the BNL-X4A
beamline. The crystals diffracted to 2.24 AÊ and crystallized in
orthorhombic space group (P212121, a = 50.37, b = 59.98, c = 113.57).
All the data collected were integrated and scaled using HKL2000
(Otwinowski and Minor, 1997).

Structure determination
Phases were calculated from the data obtained from the EcR±RXR
crystals using SOLVE (Terwilliger and Berendzen, 1999) and resulted in
a ®gure of merit of 0.61 (for data to 3.0 AÊ resolution). SOLVE identi®ed
the positions of all four zinc ions in the complex. RESOLVE and DM
(CCP4) were used for solvent ¯attening and density modi®cation,
improving the quality of the map. These phases were used to calculate an
initial 3.0 AÊ electron density map, which was readily interpretable in
terms of the DNA duplex and the backbone chains of both the proteins. A
partial model consisting of the core DBDs of both the proteins (with side
chains for the conserved residues) and most of the DNA duplex was built
using the program O (Jones et al., 1991). The model was partially re®ned
in CNS (BruÈnger et al., 1998) by rigid body re®nement, simulated
annealing and energy minimization. The re®ned model provided
improved maps which made it possible to distinguish between the two
proteins. All the side chains in the core DBDs were gradually added and
the model was re®ned to R-values of 38 and 32% (Rfree and R-factor). This
model was used as the search model for molecular replacement to obtain
the EcR±USP structure. The entire complex including the zinc atoms, the
two subunits and the DNA was used as the search model for molecular
replacement. Molecular replacement was carried out using MOLREP
(CCP4) and gave a clear solution with a correlation coef®cient of 0.40 and
an R-factor of 45%.

Both models were re®ned in CNS with successive rounds of rigid-body
re®nement, simulated annealing and energy minimization (BruÈnger et al.,
1998). Initially tight restraints were imposed for Watson±Crick DNA
base pairing and the planarity of the atoms in the bases (Parkinson et al.,
1996). In addition, all the residues in the 5¢-subunit in the EcR±RXR/IR-1
model were changed to correspond to those in USP. Improved maps
helped visualize residues beyond the core DBD in all the proteins. The
tight restraints subsequently were released, followed by multiple rounds of
manual rebuilding and re®nement in CNS including individual B-factor
re®nement. Solvent molecules were added to the model using Arp waters
(Cowtan, 1994), and the model re®ned to R-values as shown in Table I.
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